A seawater temperature sensing method based on polydimethylsiloxane-coated (PDMS-coated) microfiber knot resonator (MKR) is proposed, which has the advantages of high sensitivity and weak salinity dependence. The dependences of the temperature sensitivity on fiber diameter, coating thickness and probing wavelength are theoretically investigated and the range of coating thickness for weak salinity dependence is obtained. By optimizing the parameters of the seawater temperature sensing system, when the probing wavelength is 1550 nm, the fiber diameter is 1 μm, and the coating thickness is 5 μm, the sensitivity can reach to 0.197 nm/˚C. Results shown here are beneficial to find the optimal parameters for the temperature sensors with high sensitivity and weak salinity dependence.
Introduction
Seawater temperature is one of the most important parameters of the ocean detection, which is important in oceanography, meteorology, biology, and marine military. Several seawater temperature detection methods have been reported, including conductivity-temperature-depth (CTD) system, microwave remote sensing and sensors based on fiber bragg grating [1] - [3] . The CTD system product is mature, which is based on electrical sensing, but too expensive. Microwave remote sensing can only detect the skin temperature of seawater. Compared to the other methods, optical sensing has the advantages of fast response, free of insulation and immunity to electromagnetic interference, and the sensor based on fiber Bragg grating has a sensitivity of 0.01 nm/˚C.
In recent year, microfiber resonator (MR) has attracted more and more attention because of fast response, compact size, low loss and high sensitivity. The MRs can be used as refractive index, salinity, and temperature sensors, which have been demonstrated successfully and show high sensitivity [4] - [12] . Yu Wu et al. reported the temperature sensors based on silica and polymer MKRs, which have the sensitivities of 0.052 nm/˚C and 0.266 nm/˚C, respectively. Xu Zeng et al. proposed a temperature sensor based on polymer-coated MKR, which has the sensitivity of 0.27 nm/˚C. These MKRs detecting temperature are put on the heating platen and detect the temperature of solid. We can conclude that the temperature sensitivity of the polymer-coated MKRs is higher than that of the silica MKRs. To our knowledge, seawater temperature sensing based on polymer-coated microfiber knot resonator has not been reported yet.
In this paper, we propose a temperature sensor based on polydimethylsiloxane-coated microfiber knot resonator with high sensitivity and weak salinity dependence. The dependences of the sensitivity on fiber diameter, coating thickness and probing wavelength are theoretically investigated and the range of coating thickness for weak salinity dependence is obtained. Results shown here may offer helpful references for assembling micro-photon-ics device used in seawater temperature sensing and detection.
Theory Model
The schematic diagram of the seawater temperature sensor based on PDMS-coated microfiber knot resonator is shown in Figure 1 . The symbol d is the fiber diameter, and t is the coating thickness. The MKR is fabricated using a PDMS-coated microfiber by a knotted way. The microfiber and the single model fiber are connected with a taper.
The polymer PDMS is chosen because the thermo-optical coefficients of the PDMS is negative and /˚C [15] are the thermo-optical coefficients of the PDMS, seawater and the microfiber, respectively. The MKRs can be used in temperature sensing because of the thermo-optical effect and thermal-expanding effect. Compared to the thermo-optical effect, the thermal-expanding effect can be ignored.
The temperature can influence the refractive indices of the seawater and the material, then the effective refractive index (n eff ). The n eff can be written as n eff ≈ n 1 η 1 + n 2 η 3 + n 3 η 3 [14] . The n 1 , n 2 , n 3 are the refractive indices of the silica, PDMS and seawater, respectively. The η 1 , η 2 , η 3 are the fractional power transmitted in the silica, PDMS, and seawater, respectively. Since the refractive index of the seawater is the function of temperature, salinity and probing wavelength [14] , temperature and salinity both influence the n eff . It is necessary to remove the influence of the salinity to detect the temperature accurately. In this paper, the coating method is proposed.
The sensitivity of the sensor is defined as the shift of resonance wavelength to the change of the temperature, which can be defined as
where T is the seawater temperature, λ is resonance wavelength, and can be written as eff Ln m λ = [16] . Actually, the change of temperature influence the n eff first, then the shift of the resonance wavelength. Thus, Equation (1) can be written as
It can be seen that the n eff should be calculated first to obtain the sensitivity. Using the finite element method, the n eff is calculated by COMSOL, and the sensitivity is calculated by MATLAB. Since the n eff is related to the probing wavelength, fiber diameter and coating thickness. We study the dependences of the sensitivity on these three parameters in next section.
Numerical Calculation and Discussion

The Influence of Salinity on Temperature Sensing
Similar to the temperature sensitivity, the salinity sensitivity can be described as [12] . 
The dependence of salinity sensitivity on coating thickness is shown in Figure 2 . We assume that the probing wavelength is 1550 nm, the fiber diameters are 0.5, 1.0, 1.5 and 2.0 μm, respectively in Figure 2 (a). It can be seen that the salinity sensitivity decreases with the increasing coating thickness. When the coating thickness is very small, salinity sensitivity decreases sharply with the increasing coating thickness. When the coating thickness is up to 1μm and the fiber diameter is up to 1μm, the salinity sensitivity decreases to 0.018 nm/‰. With the increasing coating thickness, the salinity sensitivity decreases slowly and until closes to zero. In addition, we calculate the dependence of the salinity sensitivity on coating thickness at different probing wavelength in Figure 2(b) . The probing wavelengths are assumed to be 660, 1064, 1310 and 1550 nm, respectively. It can be seen that when the coating thickness is 3 μm, the salinity sensitivity is already very low; when the coating thickness is 5 μm, the salinity sensitivity is closed to zero. Thus, we choose the range of coating thicknesses for weak salinity dependence is 3 -5 μm. That is to say, when the coating thickness is between 3 to 5 μm, the influence of salinity on temperature detection can be ignored.
After coating, the most power transmits in the polymer, and little in the seawater. With the increasing coating thickness, the power in seawater decreases gradually, and the contribution of seawater refractive index to the n eff decreases gradually. And the salinity only influences the refractive index of seawater, not the PDMS's. Thus, with the increasing coating thickness, the power in seawater decreases. Since salinity changes do little to n eff , the resonance wavelength can be regarded as no change. So, the coated MKR can detect the seawater temperature without the influence of salinity.
The Temperature Sensitivity of Bared and Coated Microfiber
First, we calculate the temperature sensitivity before and after coating. Figure 3(a) shows that the dependence of the temperature sensitivity on fiber diameter of bared microfiber. The probing wavelengths are assumed to be 660, 1064, 1310 and 1550 nm, respectively. As is shown, the temperature sensitivity decreases with the increasing fiber diameter and the decreasing probing wavelength. The maximum value closes to 0.12 nm/˚C. Figure  3(b) shows that the dependence of the temperature sensitivity on fiber diameter of coated microfiber. The fiber diameter is assumed to be 1 μm. The temperature sensitivity dependences on fiber diameter of coated microfiber shows similar trend as the bared microfiber that increasing with the decreasing fiber diameter and the increasing probing wavelength. The highest sensitivity is about 0.18 nm/˚C, which is higher than that of the bared microfiber. We can conclude that the more power transmitted in polymer and seawater, the higher the sensitivity at the same probing wavelength.
Because of the thermo-optical coefficient of the silica and the seawater, the bared microfiber can be used in seawater temperature sensing. When the fiber diameter is small, the power mostly transmits in the seawater due to the evanescent field. So the refractive index of seawater has a large influence on the n eff . The refractive index of seawater decreases with the increasing temperature. For this reason, to increase the sensitivity, the influence of the negative thermo-optical coefficient should be increased. So, we choose the polymer (PDMS) with a negative thermo-optical coefficient and its absolute value is larger than that of seawater.
The Dependence of the Temperature Sensitivity on the Fiber Diameter
As mentioned above, when the coating thickness ranges from 3 to 5 μm, the influence of salinity to temperature detection can be ignored. So we investigate the temperature sensitivity when coating thicknesses range from 3 to 5 μm. Figure 4(a) shows the dependence of the sensitivity on the fiber diameter, when t is 0, 3 and 5 μm. Results show that the temperature sensitivity decreases with the increasing fiber diameter at different coating thicknesses. The larger the coating thickness is, the higher the sensitivity. Figure 4(b) shows that the dependence of the temperature sensitivity on the fiber diameter at different probing wavelengths. The coating thickness is 5 μm. It can be seen that the temperature sensitivity dependences on the fiber diameter are same at different probing wavelength, and the temperature sensitivity increases with the increasing probing wavelength.
The Dependence of the Temperature Sensitivity on the Coating Thickness
Above simulations indicate that coating can increase the temperature sensitivity. To find the optimal coating thickness is the next problem. Since the temperature sensitivity increases with the increasing probing wave-
length, the probing wavelength is chosen to be 1550 nm. Figure 5 shows the dependence of the temperature sensitivity on the coating thickness at different fiber diameter. It can be seen that the temperature sensitivity increases with the increasing coating thickness and decreasing fiber diameter. When t ranges from 0 to 3 μm, the sensitivity increases sharply, and when t > 3 μm, the sensitivity increases slowly.
The Dependence of the Temperature Sensitivity on the Probing Wavelength
Besides the fiber diameter and coating thickness, the probing wavelength also influences the temperature sensitivity. As shown in Figures 3(b) and Figures 4(b) , the temperature sensitivity increases with the increasing probing wavelength. Figure 6 shows the dependence of the temperature sensitivity on the probing wavelength. The fiber diameter is 1 μm, and the coating thickness is 5 μm. Results show that the sensitivity increases with the increasing probing wavelength. Thus, the large wavelength should be chosen in the experiments.
Parameters Design for Seawater Temperature Sensor
Combine the above results, the parameters for seawater temperature sensor can be chosen. Considering the loss and high sensitivity, the probing wavelength is assumed to be 1550 nm. When coating thickness ranges from 3 to 5 μm, the influence of the salinity on temperature detection can be ignored. The 5 μm coating thickness can meet the demand. Since the temperature sensitivity increases with the decreasing fiber diameter, the fiber di- ameter should be small. Considering the problem of drawing microfiber, the fiber diameter is chosen to be 1 μm. Thus, the parameters of the sensor are wavelength 1550 nm, fiber diameter 1 μm, the coating thickness 5 μm, and the calculated sensitivity is 0.197 nm/˚C.
Conclusion
In conclusion, we propose a temperature sensor based on polydimethylsiloxane-coated microfiber knot resonator with high sensitivity and weak salinity dependence. The dependences of the sensitivity on fiber diameter, coating thickness and probing wavelength are theoretically investigated and the range of coating thickness for weak salinity dependence is obtained. When coating thickness ranges from 3 to 5 μm, the influence of the salinity on temperature detection can be ignored. So the range of coating thickness for weak salinity dependence is 3 -5 μm.
The temperature sensitivity increases with the decreasing fiber diameter, the increasing coating thickness and the increasing probing wavelength. The most important thing is that the polymer should have a negative thermooptical coefficient and its absolute value is larger than that of seawater. To obtain a high sensitivity, large probing wavelength, small fiber diameter and large coating thickness should be chosen. By optimizing the parameters of the seawater temperature sensing system, when the probing wavelength is 1550 nm, the fiber diameter is 1 μm, and the coating thickness is 5μm, the sensitivity can reach to 0.197 nm/˚C. Results shown here are beneficial to find the optimal parameters for the temperature sensors with high sensitivity and weak salinity dependence, and offer helpful references for assembling micro-photonics device used in seawater temperature sensing and detection.
